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Description 

Apparatus and method for calibration of 

an optoelectronic sensor and for 
mensuration of features on a substrate 

Cross Reference to Related Applications 

[0001] This application claims priority of the German patent ap- 
plication 102 33 175.8 which is incorporated by reference 

herein. 
Background of Invention 

[0002] The invention is based on an apparatus and a method for 
calibration of an optoelectronic sensor, the sensor at least 
intermittently also receiving UV light. 

[0003] The invention is further based on an apparatus and a 

method for mensuration of features on a substrate using a 
UV microscope and a spatially resolving optoelectronic 
sensor. 

[0004] Optoelectronic sensors convert light into electrical signals 
and are therefore used in science and technology to de- 



tect and measure light. In cameras, spatially resolving op- 
toelectronic sensors are used for image acquisition. 

[0005] The sensors on the one hand have a dark current, i.e. 

even when no light is incident, they release electrons and 
emit an electrical signal. On the other hand, they exhibit a 
saturation behavior when they are illuminated with a suf- 
ficiently large light quantity. The response characteristic 
of the sensor extends within these boundaries. The re- 
sponse characteristic is substantially linear within a cer- 
tain range, so that the electrical signals of the sensor are 
proportional to the light quantity received by the sensor. 

[0006] Most of these sensors are sensitive in the visible and in- 
frared light wavelength region. In these wavelength re- 
gions, their sensitivity and response characteristics to the 
acquired light do not change. 

[0007] it i S known, however, that UV light can influence and re- 
duce sensor sensitivity. UV light can generate electron- 
hole pairs that modify the lattice structure of the sensor. 
Quantitative information about this is not present in the 
sensor manufacturers' data sheets, however, neither in 
general terms nor, especially, for the particular individual 
sensor. Changes in sensor sensitivity due to UV irradiation 
obviously are of no consequence for most applications. 



For consumers using cameras for imaging in natural am- 
bient light, the camera's optical system is also not de- 
signed for UV light, so that the sensor also does not re- 
ceive the UV component in natural ambient light. 

[0008] Special sensors that can also detect UV light are available 
commercially. Their spectral specification generally lies in 
the wavelength region between 200 nm and 800 nm. The 
response of such a sensor, however, i.e. the electrical out- 
put signal of the sensor as compared to the incident light 
quantity, is much lower in the UV region than in the visible 
wavelength region, and is equal to only a few percent. 

[0009] uv-capable sensors of this kind have a number of techni- 
cal applications for measurements in the UV region. On 
the one hand, material analyses can be made using UV 
light. In the case of semiconductors, for example, infor- 
mation is required about material composition and optical 
properties. The refractive indices, absorption coefficients, 
and thicknesses of layers applied onto semiconductor 
wafers need to be determined. In particular, very thin lay- 
ers can be measured more accurately with UV light than 
with visible light. It is necessary in this context that the 
signals be stable and also reproducible at a later point in 
time. The reproducibility of the measurements improves 



the material analysis, and the results are more comparable 
with previous results. Such measurements are accom- 
plished by reflection at the specimen, and are performed 
over a wavelength range. Spectrophotometers and/or 
spectroellipsometers are used, in particular, for this pur- 
pose. 

[0010] on the other hand, UV sensors are also used for UV imag- 
ing. The resolution of the images is improved by the use 
of UV light. In addition, specimen features look different 
under UV light, and yield additional information as com- 
pared to visible-light images. As a result, defects and very 
small particles on specimen surfaces of, for example, 
semiconductor substrates can be better detected and 
classified. Feature spacings and feature widths can more- 
over be ascertained by image processing applied to such 
UV images. The accuracy of the measured spacings and 
widths (critical dimension (CD) measurements) can be im- 
proved by means of images acquired in the UV region. 

[° 011 ] It has been discovered that especially in the context of 
stringent CD measurement accuracy requirements, the 
stability of the measurements is not sufficient. A drift of 
measured results in one direction is observed when spe- 
cific features on a substrate are measured repeatedly over 



a period of time. That period can often be only a few 
hours. It has been found that the cause of this drift in the 
measured results lies in the exposure of the sensor to UV 
light. The exposure to UV light apparently causes perma- 
nent changes in the sensor in terms of its optoelectronic 

properties. 
Summary of Invention 

[0012] | t j S t he object of the invention to describe an apparatus 

and a method with which changes in the properties of an 

optoelectronic sensor can be identified. 
[0013] The object is achieved by means of a method of the kind 

described initially, by way of the following steps: 
[0014] _ ascertaining a first response characteristic of the sensor 

by 

[0015] — illuminating the sensor with the light of at least one 
light source, 

[0016] — varying the light quantity of the light incident onto the 
sensor, 

[0017] — determining the magnitude of an electrical output sig- 
nal of the sensor as a function of the light quantity re- 
ceived by the sensor; 

[0018] _ storing the first response characteristic; and 



[0019] _ acquiring response characteristics at later points in time 
after inputs of UV light onto the sensor; 

[0020] _ comparing the response characteristics to the first re- 
sponse characteristic in order to identify changes and to 
correct the response characteristics. 

[0021] The object is additionally achieved by apparatus which 
comprises:- at least one light source for illuminating the 
sensor; 

[0022] _ calibration means for varying the light quantity incident 
onto the sensor, for ascertain a first and a present re- 
sponse characteristic of the sensor; 

[0023] _ an evaluation unit for correcting the present response 
characteristic of the sensor using the first one; and 

[0024] _ a memory for storing at least the first response charac- 
teristic. 

[0025] a further object of the invention is to describe an appara- 
tus and a method with which optical measurements can 
be made, and images acquired, of substrates in the UV re- 
gion, and in particular with which microscopic features on 
substrates can be measured reliably and with high accu- 
racy. 

[0026] The object is achieved by means of a method for measur- 
ing f features on a substrate using a UV microscope and a 



spatially resolving optoelectronic sensor, byway of the 
following steps: 
[0027] _ acquiring UV images of the features on the substrate; 

[0028] _ calibrating the sensor from time to time, by 

[0029] — ascertaining a present response characteristic of the 

sensor by way of the variation of a light quantity received 
by the sensor, 

[0030] — comparing and correcting the present response charac- 
teristic using a first response characteristic; and 

[0031] _ measuring the features by image processing using the 
corrected response characteristic of the sensor. 

[0032] The object is additionally achieved by apparatus for mea- 
suring features of a substrate, comprising: 

[0033] _ a UV microscope and a spatially resolving optoelectronic 
sensor for acquiring UV images of the features on the 
substrate; 

[0034] _ calibration means for calibrating the sensor, wherein a 
first and a present response characteristic of the sensor 
being ascertainable by varying a light quantity incident 
onto the sensor; and 

[0035] _ an evaluation unit 

[0036] — f or correction of the present response characteristic 



using the first response characteristic, and 
[0037] — f or evaluating the features by image processing using 

the corrected response characteristic of the sensor. 
[0038] what has been recognized according to the present inven- 
tion is that varying measurement results in the context of 
high-accuracy measurements with UV light are caused by 
the sensor. The response characteristic of the sensor 
changes as a result of the irradiation with UV light. By as- 
certaining and correcting the response characteristic of 
the sensor, the light quantity actually received can be as- 
certained. The measurement results derived from the sen- 
sor signals can thereby be corrected. 
[0039] with the apparatuses and methods according to the 

present invention it is thus possible to determine quanti- 
tatively the properties of the sensor in the context of UV 
exposure. The changes to the sensor are brought about 
by UV light radiation damage. That damage depends on 
the total UV light dose received by the sensor. Since the 
radiation damage is permanent, the properties of the sen- 
sor change continuously with the received dose. A calibra- 
tion of the sensor after certain dose quantities or after 
certain UV exposure times, in accordance with the meth- 
ods and apparatus according to the present invention, re- 



suits in an accurate determination of the received light 
quantities and therefore in accurate quantitative evalua- 
tions. 

[0040] The radiation damage to the sensor depends not only on 
the UV intensity but also, to a certain extent, on the UV 
wavelength. Certain UV wavelength regions can cause 
greater radiation damage to the sensor. 

[0041] The effect of the radiation damage on the sensor's sensi- 
tivity, on the other hand, is also wavelength-dependent. 
The response characteristic of the sensor is therefore 
preferably determined at the wavelength at which the 
measurements are to be taken, or the images acquired, 
with the sensor. If the sensor is used at several wave- 
lengths, the calibration of the sensor is performed at 
those different wavelengths. 

[0042] on the other hand, one wavelength region of the light is 
used for the measurements, or for illumination and image 
acquisition, the calibration according to the present in- 
vention of the sensor can be performed using light of that 
continuous wavelength region having the corresponding 
spectral distribution. Either the wavelength region being 
used is acquired continuously as overall light, or the cali- 
bration is performed at individual wavelengths from that 



region and then weighted or averaged for the region. 

[0043] Many UV light sources not only emit a continuous spec- 
trum but also exhibit a particularly high intensity at cer- 
tain wavelengths. In many applications the UV light is 
therefore used specifically at those wavelengths. Such 
particular wavelengths are, for example, 266 nm, 248 nm, 
193 mm, or 157 nm (deep UV), which are emitted by dis- 
charge lamps such as mercury/xenon or deuterium lamps, 
or by argon or excimer lasers. In steppers, light of these 
wavelengths is used to expose wafers, the features of 
masks being imaged onto the wafers. UV light of these 
wavelengths is similarly used for image acquisition in UV 
microscopes. Here the specimens, e.g. the features on the 
masks or wafers, are illuminated with UV light and imaged 
in a camera using a spatially resolving optoelectronic sen- 
sor, and made visible by image processing. 

[0044] other features on different materials, for example biologi- 
cal structures, can of course also be made visible and 
measured in this manner. 

[0045] The radiation damage to the sensor not only is caused by 
illumination of the sensor with UV light but also affects 
the sensor's response characteristic over the sensor's en- 
tire sensitive wavelength range. The sensitivity of the sen- 



sor in visible and infrared light is therefore also impaired 
when it has received a certain dose of UV light. In this cir- 
cumstances, calibration according to the present invention 
of the sensor is also necessary at the visible or infrared 
light wavelengths if accurate measurements are to be per- 
formed, or images acquired, in that wavelength region as 
well. 

[0046] images are often acquired both in the visible region and 
with UV light, in order to obtain additional information. 
Calibrations of the sensor in the corresponding visible and 
UV regions are therefore advantageous, especially if men- 
suration of the imaged specimens is to be performed by 

image processing. 
Brief Description of Drawings 

[0047] The invention will be explained below in further detail 

with reference to the exemplary embodiments depicted in 
the drawings, in which, schematically in each case: 

[0048] FIG. lshows an apparatus according to the present inven- 
tion for calibration of an optoelectronic sensor; 

[0049] FIG. 2shows a response characteristic of the sensor at var- 
ious UV doses; 

[0050] FIG. 3shows a sample application in a microscope; and 



[0051] FIG. 4shows an example of measuring the width of a fea- 
ture on a substrate. 
Detailed Description 

[0052] FIG. 1 schematically shows an arrangement for calibration 
of an optoelectronic sensor 3, in which the change in the 
response characteristic of sensor 3 is ascertained. The ar- 
rangement comprises a light source 1, optoelectronic 
sensor 3, and an evaluation unit 4. The light emitted by 
light source 1 is detected by sensor 3. The latter converts 
the light into electrical signals which are conveyed to 
evaluation unit 4 and evaluated therein according to the 
present invention. At least one first response characteris- 
tic of sensor 3 is stored in a memory 5. 

[0053] | n order to ascertain the response characteristic of sensor 
3, a light quantity incident upon it is varied. This is done 
by way of optical or electronic calibration means 2. In the 
exemplary embodiment according to FIG. 1, optical cali- 
bration means 2 are introduced into the beam path be- 
tween light source 1 and sensor 3. Various embodiments 
of these calibration means 2 can be used, e.g. absorption 
filters, scattering filters, gray wedges, or stops. In the case 
of absorption and scattering filters, either the number 
thereof introduced into the beam path is increased, filters 



of identical or different absorption or scattering capability 
being used. Or only one filter is used in each case, and it 
is replaced by filters of differing absorption or scattering 
capability in order to vary the light quantity in controlled 
fashion. Alternatively, this variation can also be effected 
using a gray wedge, which can be extended stepwise or 
quasi-continuously into the beam path. The absorption 
filters, scattering filters, and gray wedge either are manu- 
ally operated or remotely controlled using corresponding 
apparatuses, or are introduced automatically into the 
beam path by means of a control device 6. The absorption 
or scattering values of the filters or the gray wedge at cer- 
tain positions in the beam path are known. 
[0054] -rh e same is correspondingly true of stops having known 
openings of different sizes, which are likewise introduced 
manually or automatically into the beam path as light 
quantity calibration means 2. Stops having a variable 
opening, which are operated manually or automatically, 
are of course also usable. The light quantity incident upon 
sensor 3 is varied in controlled fashion by means of vari- 
ously adjusted openings. Stops having a variable aperture 
of this kind are sufficiently known from camera or micro- 
scope optical systems. 



[0055] a further possibility, not explicitly depicted in the Figures, 
for embodying calibration means 2 is to vary the light 
quantity incident onto the sensor by way of an electronic 
exposure time. With an illumination intensity that is con- 
stant over time, different exposure times cause corre- 
spondingly different light quantities to arrive at sensor 3. 
The exposure times can be varied by means of an expo- 
sure control system. The exposure control system, for ex- 
ample, controls a mechanical shutter that is opened in ac- 
cordance with the exposure times, or an electronic shut- 
ter. An electronic shutter is, for example, an LCD display 
that, by electrical activation, allows light to pass or be- 
comes opaque. Alternatively, with appropriate activation 
the electronic readout of sensor 3 can also serve as an 
electronic shutter, the exposure times being set by way of 
differing lengths of time between start and stop signals to 
sensor 3. While sensor 3 is being read out, the electrical 
charges generated by the received light in sensor 3 are 
not taken into consideration. 

[0056] | n principle, the light emission of light source 1 can also 
be varied directly, in which case calibration means 2 vary 
electrical variables such as power level, voltage, or current 
for the operation of light source 1. Depending on the type 



of light source 1, however, the correlation between these 
electrical variables and the emitted light quantity is not 
known satisfactorily or with sufficient accuracy, and the 
necessary accuracy is not attainable with some types of 
light source, for example in vapor-pressure lamps 
(mercury/xenon). 
[0057] using calibration means 2 as described, a first response 
characteristic of sensor 3 is acquired before the latter is 
used for image acquisition or measurement purposes with 
ultraviolet light. The electrical signals of sensor 3 are ac- 
quired as a function of the incident light quantity, and 
stored in a memory 5. Any memory type is usable as 
memory 5. Commercially available electronic, magnetic, or 
optical memories are used, an embodiment as a lookup 
table with short readout times being simple and advanta- 
geous. 

[0058] After sensor 3 has been exposed to UV light for a certain 
time as a result of image acquisitions or measurements, 
or has received a certain UV dose, a further response 
characteristic of sensor 3 is acquired. This is compared to 
the first response characteristic in order to ascertain 
changes and correct those changes. As a result, the modi- 
fied electrical signals of sensor 3 for identical incident 



light quantities are corrected, and the sensor properties 
modified by the UV radiation are thus compensated for. 

[0059] After further UV measurements or UV service with sensor 
3, further response characteristics of sensor 3 are ac- 
quired and are again compared to the first response char- 
acteristic, and the changes are correspondingly corrected. 
Stable, reproducible light measurements that correspond 
to the first measurements using sensor 3 are thereby ob- 
tained. Useful examples of the application of such stable 
light measurements for image acquisition, image evalua- 
tion, and measurement are presented below in detail. 

[0060] The response characteristic of sensor 3 is of course ac- 
quired in particular at those light wavelengths, or in those 
wavelength regions, that are used for the image acquisi- 
tions or measurements. Those wavelengths lie, depending 
on the application, in the UV region, the visible, or the in- 
frared region. 

[0061] FIG. 2 presents an example of the response characteristic 
of sensor 3. The electrical signal of sensor 3 is plotted 
against the light quantity received by sensor 3, in arbitrary 
units. At low light quantities that are not yet detectable, 
the dark current of sensor 3, which is already supplying 
an electrical signal, is predominant. Above a certain light 



quantity, sensor 3 supplies electrical signals that are pro- 
portional to the incident light quantity. At very large light 
quantities, sensor 3 is at saturation and cannot detect any 
additional light. 

[0062] Curve a is the response characteristic of a sensor 3 not yet 
illuminated with UV light. Curves b and c reproduce the 
response characteristic of sensor 3 after 18 hours and af- 
ter 65 hours of illumination with UV light. It is evident that 
with increasing UV illumination, the sensitivity of sensor 3 
has decreased in accordance with curves b and c. The 
sensor is supplying a lower electrical signal than that cor- 
responding to the associated light quantity. The changes 
are compensated for by acquiring the response character- 
istic of sensor 3 and referring back to the first response 
characteristic. A conclusion as to an exact value of the 
light quantity actually received is thereby possible. 

[0063] Further UV exposure of sensor 3 results correspondingly 
in further curves in addition to curves a, b, and c shown in 
FIG. 2. They move increasingly far away from first curve a 
as UV exposure increases. 

[0064] Although the response characteristic is in principle identi- 
cal for each sensor 3, it is quantitatively different for each 
individual sensor 3. For accurate measurement results, 



each sensor 3 must therefore be individually calibrated at 
time intervals, according to the invention. The changes in 
the response characteristic as a result of the radiation 
dose are not known a priori for the individual sensor 3: 
they are neither specified by the manufacturer nor theo- 
retically predictable. 

[0065] CCD chips are most often used as sensors 3. They can 
also be photodiodes. Other semiconductor sensors, or 
other sensor types that convert light into electrical sig- 
nals, exhibit similar response characteristics. 

[0066] The calibration according to the present invention of sen- 
sor 3 is accomplished from time to time. The point in time 
is preferably determined depending on the input of UV 
light onto sensor 3, i.e. on a dose-dependent basis; this 
can be monitored, for example, byway of the total expo- 
sure time to UV light. Calibration is, of course, also possi- 
ble at fixed time intervals without regard to exposure 
times. 

[0067] FIG. 3 shows a sample application for high-accuracy mea- 
surements using sensor 3. A microscope 7 acquires im- 
ages of a substrate 8 that is located on microscope stage 
9. For that purpose, substrate 8 is illuminated by a light 
source la, lb of microscope 7. That illumination can oc- 



cur, as is usual in microscopes, as incident light and, for 
transparent substrates, also as transmitted light. Filters or 
stops are correspondingly arranged as calibration means 
2a and 2b in the beam path after light sources la and lb, 
preferably in the positions shown in FIG. 3. When micro- 
scope 7 is operated with transmitted light, it is of course 
also possible to place various filters or stops on micro- 
scope stage 9 and to displace them correspondingly so as 
to bring the filters or stops successively into the beam 
path. 

[0068] Substrate 8 has features that are imaged and measured 
using microscope 7 and sensor 3. Sensor 3 is, as a rule, 
part of a commercially available camera. 

[0069] Substrate 8 is, for example, a mask comprising a glass 
substrate having applied features made of chromium. 
Such masks are used in photolithography for semiconduc- 
tor production, and their features are imaged onto wafers. 
The features on the mask or on the wafer represent elec- 
trical circuits for the chip that is to be produced. During 
the production process the features are repeatedly in- 
spected for defects and their spacings and widths are 
measured. 

[0070] The images of the features are normally acquired using 



visible light. In order to obtain additional information or if 
the resolution of microscope 7 is insufficient for very 
small features using visible light, UV light is used. Im- 
proved contrast and higher resolution are achieved with 
UV light. 

[0071] UV light in the wavelength region between, in particular, 
150 nm and 420 nm is used for this purpose. Light source 
la, lb and the optical system of microscope 7 are de- 
signed accordingly. Back-illuminated CCD cameras, full- 
frame transfer cameras, or interline transfer cameras, 
which can receive both visible light and UV light, are com- 
mon as sensors 3. The features acquired using UV light 
are prepared by image processing and can thereby be ex- 
amined for defects or for any undesired particles that may 
be present. Feature widths and spacings between the fea- 
tures are also measured by image processing. 

[0072] |f uv light is also used, in addition to visible light, for the 
examinations, the invention allows precise and repro- 
ducible measurements to be made. As already described 
above, this involves using, for calibrations that take place 
occasionally, calibration means 2a, 2b that are brought 
into and/or controlled in the beam path of microscope 7. 
Calibration means 2a, 2b are preferably actuated and con- 



trolled in fully automatic fashion using control device 6, 
so that the corresponding response characteristics of sen- 
sor 3 are automatically acquired and can be evaluated in 
evaluation unit 4 (FIG. 3). The results allow correction of 
the spacings and widths of substrate features measured 
by means of image processing. 

[0073] The correction is demonstrated in FIG. 4 using the exam- 
ple of a feature width. At a point in time, a feature is im- 
aged using microscope 7. In FIG. 4, the relative intensity is 
plotted against the position of the imaged feature. The 
width of the feature is measured; it is equal to 650 nm 
(curve 1). At a later point in time, after images have been 
acquired with sensor 3 for several hours using UV light, 
the same feature is once again imaged and measured. The 
result is a measured feature width of 630 nm (curve 2). 
Because of the changes in sensor properties resulting 
from the UV light, sensor 3 is supplying modified signals 
that lead to the different measured result for the feature 
width. The modified signals are taken into account appro- 
priately byway of the correction according to the present 
invention of the response characteristic of sensor 3, and 
the original measured feature width of 650 is obtained. 

[0074] | n t ne case of the example shown in FIG. 4, the feature 



width is acquired and measured using UV light at a wave- 
length of 248 nm. 

[0075] The correction according to the present invention of the 
response characteristic of sensor 3 is also useful for other 
measurement tasks in which accurate quantitative evalua- 
tions of acquired light are important. Using a spectropho- 
tometer as measurement device 10 on microscope 7, op- 
tical parameters such as the refractive index or layer 
thicknesses of layers on substrate 8 can be determined. 
These parameters are determined from spectra of the 
light reflected from the layers. These spectra are referred 
to previously measured spectra of the blank substrate 8. 
Since the spectra are often also acquired in the UV region, 
the measurement accuracy and reproducibility of the opti- 
cal parameters can be improved by considering, in accor- 
dance with the present invention, the properties of the 
sensor of measurement device 10. 

[0076] instead of the spectrophotometer, other optical measure- 
ment arrangements, for example a spectroellipsometer, 
can be equipped with the methods and apparatus accord- 
ing to the present invention either as measurement device 
10 on microscope 7, or also as self-sufficient devices in- 
dependent of microscope 7. The examples shown are 



therefore not exhaustive. 



